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Using a Computer Controlled Vasoactive Stimulus:
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Resonance Angiography and Transcranial Doppler
Ultrasonography
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Purpose: To compare measurements of blood flow ve-
locity (BFV) and BFV changes in the middle cerebral
arteries (MCA) acquired from phase contrast magnetic
resonance angiography (PCMRA) and transcranial
Doppler ultrasound (TCD) during controlled manipula-
tion of end-tidal partial pressure of carbon dioxide
(PETCO2).

Materials and Methods: In vivo TCD and PCMRA velocity
data from the M1 segment in the MCA of nine healthy
adult volunteers were acquired during precise targeting of
PETCO2 induced by a computer-controlled gas delivery
system. Doppler spectra and phase contrast data were
processed into time-averaged peak-velocity (TAPV) values
for comparison. Changes in velocity between baseline and
hypercapnia were analyzed in terms of velocity-based
cerebrovascular reactivity (CVR).

Results: Good correlation between the pairs of velocity
measurements acquired from the two modalities were
found (r ¼ 0.81), but Bland–Altman analysis indicates
a significant bias error. There was relatively weak
agreement between the pairs of computed CVR values
(r ¼ �0.26).

Conclusion: Under precise PETCO2 control, PCMRA
proves to be more consistent than TCD. Despite issues
with variability, TCD is qualitatively comparable to
PCMRA measures of velocity in the MCA. However,
PCMRA velocity results are better suited for analyses that
require quantitative values, such as CVR.
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CEREBROVASCULAR REACTIVITY (CVR), defined as
a change in cerebral blood flow in response to a vaso-
active stimulus, reflects the reserve capacity of the
cerebral resistance vessels (1) and can be assessed
noninvasively by several imaging modalities including
magnetic resonance imaging (MRI). This parameter
has shown promise in the assessment of cerebrovas-
cular disease such as carotid artery stenosis and
moyamoya (2,3). In practice, CVR imaging relies on
the application of a vasoactive stimulus to promote di-
lation (or constriction) of blood vessels; the reactivity
is then inferred by calculating the resultant change in
cerebral blood flow. Accurate in vivo quantification of
cerebral blood flow, however, is challenging and
requires sophisticated imaging strategies such as
positron emission tomography or arterial spin label-
ing. Thus, alternative hemodynamic measures are of-
ten substituted in the place of blood flow for CVR cal-
culation. For instance, blood flow velocity (BFV)
changes in the middle cerebral artery (MCA) are
assumed to reflect overall cerebral blood flow changes
within the corresponding cerebral territories (4). This
velocity-based method has been demonstrated in vari-
ous MRI and transcranial Doppler ultrasonography
(TCD) studies (5–9).

Phase contrast magnetic resonance angiography
(PCMRA) is a tool that is capable of measuring BFV in
major cerebral arteries. The MR imaging plane is pre-
scribed perpendicular to a specific artery and bipolar
gradients are then applied to induce phase shifts cor-
responding to the velocity of blood traveling through
the plane. PCMRA has undergone extensive validation
testing (10,11) and serves as a powerful tool for
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verifying the reliability of velocity measurements from
other in vivo imaging modalities. However, despite the
strengths of MRI, clinical screening for intracranial
BFV abnormalities is usually performed using TCD
insonation of major cerebral vessels (7,12). TCD is
quick, noninvasive, and its high temporal resolution
is well suited for studying dynamic cerebrovascular
responses. However, TCD also suffers from measure-
ment variability, as velocity readings are strongly de-
pendent on operator skill, the availability of an ultra-
sonic window in the skull, and the ability to detect
distal branches of intracranial vessels (7). In addition,
the insonation angle stemming from the misalignment
of the ultrasound beam with the direction of blood
flow can produce significant measurement errors if
not properly accounted for.

To date, only a handful of verification studies exist
between TCD and PCMRA velocity measurements in
the MCA (13,14), with even fewer involving CVR
(6,15). There is currently no strong consensus within
these studies regarding the agreement between the
two modalities, possibly due to a lack of systematic
control over spontaneous changes in subject carbon
dioxide (CO2) and oxygen (O2) levels (8), which have
known vasoactive properties. Recently, a computer-
controlled model-driven prospective end-tidal target-
ing (MPET) system has been introduced that enables
accurate manipulation of subject CO2 and O2 by pre-
cisely regulating the composition of gas delivered to
the subject. This method of controlled respiratory
challenge is quantified by noninvasive monitoring of
the end-tidal partial pressures of the subject’s expired
O2 (PETO2) and CO2 (PETCO2) (16) and has been shown
to improve reproducibility of CVR data (17).

This study compared the measurements of middle
cerebral artery BFV and CVR obtained with TCD and
PCMRA while making use of the MPET system in
order to control the confounding physiological varia-
tions associated with CO2 stimulation. We hypothe-
sized that PCMRA and TCD velocity will be correlated,
but TCD data will have higher measurement variabili-
ty. We further proposed a TCD angle correction strat-
egy and assessed whether it could remove the angle
dependence of TCD results, therefore possibly improv-
ing the comparison between the two techniques.

MATERIALS AND METHODS

Subject Recruitment

Nine healthy, nonsmoking, male volunteers (21–31
years) with no history of respiratory, cardiovascular,
or cerebrovascular disease were recruited for this
study. All procedures were approved by our Institu-
tional Review Board, and informed written consent
was obtained from each subject. Consumption of vas-
oactive substances such as caffeine or alcohol was
prohibited on the day of imaging.

Delivery of Vasoactive Stimulus

Changes in PETCO2 were achieved by introducing con-
trolled amounts of the CO2 stimulus combined with a

steady supply of medical air through a rebreathing
circuit and mask. These masks were fitted onto the
subjects and connected to the MPET system (Respi-
rAct; Thornhill Research, Toronto, Canada). The
MPET regulates the flow and composition of the gas
stimulus delivered while simultaneously ensuring
adequate oxygen supply to the subject for accurate
targeting of PETCO2 and PETO2, which have been
shown to closely correlate with arterial blood gas val-
ues (18). A detailed description of the MPET system is
provided by Slessarev et al (16).

In this study, baseline and hypercapnia states were
defined as the periods when subject PETCO2 was tar-
geted at 40 mmHg and 45 mmHg, respectively; PETO2

was maintained at 100 mmHg. Partial pressures of
exhaled gas were continuously monitored via sam-
pling lines connected to the mask and end-tidal val-
ues were recorded at the end of each expired breath
to define the measured PETCO2 and PETO2 waveforms.

All subjects were given an orientation before imag-
ing to become familiar with the experiment and the
MPET system. Next, subjects underwent CVR imag-
ing, first with TCD, followed by PCMRA.

TCD-Based CVR Imaging

TCD evaluation was conducted using a commercial
duplex ultrasound system (iU22 xMatrix; Philips Elec-
tronics, Best, Netherlands) with a 2.0 MHz transducer
operated by an experienced sonographer (A.M.). With
subjects in the supine position, the M1 segment of
right MCA was identified via insonation of the trans-
temporal window. Upon isolating the site of highest
flow velocity within the segment, the position of the
transducer was held constant for subsequent meas-
urements. The baseline state was then targeted using
the MPET system, after which multiple TCD velocity
waveforms recordings were acquired and saved on the
ultrasound console for analysis. As per standard TCD
protocol, the insonation angle was not considered in
the measurement. End-tidal levels were maintained
steady for the duration of the assessment, which was
�2 minutes. Without moving the ultrasound trans-
ducer, the measurement was performed again during
targeted hypercapnia. Once both measurements were
completed, the location of the transtemporal window
as well as the insonation depth were recorded for the
purpose of spatial colocalization on the MR images.
This process was repeated for the left MCA.

PCMRA-Based CVR Imaging

Following TCD assessment, the subjects were imaged
on a 3.0T clinical MRI (MAGNETOM Tim Trio; Sie-
mens Medical Solutions, Erlangen, Germany). The
transtemporal windows on each subject’s head was
marked with glycerol-water capsules, as defined by
the locations recorded during TCD evaluation. A
standard 3D time-of-flight (TOF) sequence was run to
identify the left and right MCAs as well as the capsule
positions to guide PCMRA slice positioning.

Imaging planes for PCMRA scans were prescribed to
measure, as closely as possible, the same location as
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acquired by TCD. For each MCA, the site of TCD ve-
locity measurement was approximated on the 3D-TOF
image by projecting a straight line from the capsule
marker to the vessel with length equal to the recorded
insonation depth. A single slice was then prescribed
with double-oblique angle to the blood flow direction.
Similar to the TCD protocol, PCMRA images were
acquired during sustained baseline and hypercapnia
states controlled by the MPET system for both the left
and right MCA. The imaging parameters for the
PCMRA sequence were as follows: repetition time (TR)
¼ 52.75 msec, echo time (TE) ¼ 5.17 msec, flip angle
(FA) ¼ 30�, matrix ¼ 364 � 448, voxel size ¼ 0.4 �
0.4 � 5.0 mm, bandwidth ¼ 399 Hz/pixel, velocity
encoding (Venc) ¼ 75 cm/s, acquisition time �3.5
minutes. Retrospective gating from a pulse oximeter
was applied and a total of 20 phases per cardiac cycle
were acquired.

Data Analysis

TCD waveform measurements were automatically
converted to time-averaged peak velocities (TAPV) by
the ultrasound system. This parameter was calculated
from the mean value of the velocity envelope for a
single cardiac cycle in each waveform. Only the high-
est TAPV within each set of multiple measurements
were saved.

A correction factor derived from the insonation
angle was also applied to compensate for the underes-
timation of TCD velocities in the MCA caused by mis-
alignment of the Doppler signal to the direction of
blood flow. This angle was determined for each mea-
surement by identifying the coordinates of three spa-
tial landmarks on the 3D-TOF volume, as illustrated
in Fig.F1 1. The first point (point A), marked by the
glycerol-water capsule, represents the position of the
ultrasound transducer during TCD insonation. Next,
a spherical projection with radius equal to the insona-
tion depth was extended from the capsule to deter-
mine its intersection with the MCA (point B), which
corresponds to the site of TCD velocity assessment. A
third point (point C) is placed along the line formed by
the tangent to the MCA at point B. These three points
define two line segments: AB giving the path of inso-
nation and BC giving the expected direction of blood

flow at the site of insonation. The angle (y) between
these two lines was used for TCD angle correction, as
represented by the following relation:

TCDcorr ¼
TCD

cosh
½1�

MRI data were transferred to an independent work-
station for analysis with MatLab (MathWorks, Natick,
MA) using in-house scripts. Phase images were first
corrected for phase wrapping, and then quantified
into velocity values derived from the Venc. The tempo-
ral mean velocity for each voxel was calculated by
averaging over the 20 cardiac phases. A representative
TAPV for each PCMRA image was assigned from the
voxel with highest mean velocity within the MCA.

Velocity-based CVR for both TCD and PCMRA was
determined for each pair of baseline/hypercapnia
BFV measurements. This value was expressed as the
change in TAPV between baseline and hypercapnia,
divided by the change in PETCO2 (5 mmHg). In addi-
tion, the reactivity was normalized to a percent
change (%CVR) relative to the baseline TAPV:

%CVR ¼ TAPVHYP � TAPVBL

DCO2
� 1

TAPVBL
� 100% ½2�

The correlation between the two modalities was
assessed using a nonparametric test (Spearman’s rho)
and their relation was visualized on a Bland–Altman
plot. The mean and coefficient of variation (%CV)
within each type of measurement were also
calculated.

RESULTS

All nine subjects were fully compliant with the proto-
col, and velocity data from 17 out of 18 MCAs were
acquired in total. One MCA measurement could not
be completed due to technical difficulties.

Sampled end-tidal values confirmed accurate tar-
geting of PETCO2 and PETO2 during the application of
the MPET system for both TCD and PCMRA imaging.
Average baseline and hypercapnia state PETCO2 were
40.2 6 0.8 mmHg and 45.1 6 0.5 mmHg, respec-
tively. PETO2 averaged 103.2 6 3.1 mmHg during

C
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R

Figure 1. Determining the insonation angle by identifying three points (marked by an �) on the 3D-TOF images. A radial
projection of length equal to the insonation depth is projected from the glycerol-water capsule in (a) and intersects the MCA
in a distant slice in (b). Direction of blood flow is characterized in (c).
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baseline imaging and 106.7 6 2.5 mmHg during
hypercapnia, closely matching the study targets.

TAPV measurements in the MCA and corresponding
%CVR values are summarized in TableT1 1. In general,
PCMRA yielded lower BFV for both baseline and
hypercapnia, but was also the most consistent with a
significantly lower %CV compared to Doppler meas-
urements. Slightly higher average velocities were
observed using TCD, and application of angle correc-
tion (mean angle ¼ 29.7 6 15.0�) significantly wid-
ened the difference. For CVR, mean TCD and PCMRA
measures were comparable, but the variability of the
PCMRA method was markedly lower than TCD.

Spearman’s rank analysis showed a strong correla-
tion between the TCD and PCMRA (r ¼ 0.81) that was
negatively impacted after angle correction (r ¼ 0.68),
as presented in Fig.F2 2. In the Bland–Altman plots of
Fig.F3 3, a proportional bias error is apparent in both
the uncorrected and angle-corrected TCD comparison
with PCMRA, as the discrepancies are positively
skewed with increasing BFV. FigureF4 4a,b presents the
Spearman’s rank correlation and Bland–Altman anal-
ysis between %CVR values obtained from the two
methods. Very poor correlation (r ¼ �0.26) as well as
a significant error range and proportional bias was
observed in the comparison.

DISCUSSION

This study provides a comparison between TCD and
PCMRA measurements of velocity as well as velocity
changes induced by hypercapnia. In contrast to prior
studies, an MPET system was used to minimize vari-
ability of subject PETCO2 and PETO2. This additional
control of the stimulus ensured that the results accu-
rately reflect the merits of each modality by minimiz-
ing confounding effects.

First-order analysis of TAPV measurements showed
good correlation between the two methods, despite
TCD exhibiting higher average values and greater
%CVs. These findings are in line with results pub-
lished in previous studies of the MCA. Baledent et al
(13) noted a consistent overestimation of peak-systolic
and end-diastolic velocities by TCD compared to
PCMRA, even though the two methods exhibited mod-
erate correlation. Likewise, Seitz et al (14) found TCD
produced higher velocities in the MCA. The discrep-
ancy is explained, in part, by a well-known spectral
broadening effect in TCD measurements, which can
lead to artificial increases in received spectral fre-
quencies at higher insonation angles (19). Further-
more, the limited spatial resolution of PCMRA may
lead to partial volume effects and reduce the peak ve-
locity measurement, especially in smaller vessels
where the parabolic velocity profile will have a much

Table 1

Average and %CV of Measured Velocity and %CVR

Baseline

TAPV

Hypercapnia

TAPV %CVR

cm/s %CV cm/s %CV %/mmHg %CV

PCMRA 58.2 16.2% 69.9 15.7% 3.9 30.6%

TCD 64.6 28.4% 77.2 25.2% 4.2 54.8%

Angle

corrected

TCD

76.1 32.3% 91.8 27.9% —

TAPV, time-averaged peak velocity; %CVR, normalized cerebrovas-

cular reactivity; %CV, coefficient of variation.

Figure 2. Spearman’s rho analysis of TAPV obtained by
PCMRA versus TCD (^) and angle corrected TCD (n). The
correlation coefficients are r ¼ 0.81 and r ¼ 0.68,
respectively.

Figure 3. Bland–Altman plot of mean versus difference
between velocities measured by PCMRA and TCD (a) before
angle correction with 95% confidence interval of 613.5 cm/
s, and (b) after angle correction with confidence interval of
619.9 cm/s. The equation signifying a positive trend in the
bias is displayed in each plot.
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steeper gradient (11,20). A possible approach for cir-
cumventing these issues is to compare mean velocity
through the vessel. Partial voluming in PCMRA will
naturally reduce with the larger area, while spurious
peaks from TCD may be mitigated by measuring in-
tensity-weighted mean of the signal (21). However, the
comparison between mean velocity was not explored
in this study, as the focus was on TAPV.

The Bland–Altman plots of the velocity and CVR
data pairs show a linearly proportional bias indicating
an increasing offset error for higher BFV. Although
partial volume effects in MRI do become more pro-
nounced when the parabolic flow profile becomes less
blunted as velocity increases, it does not explain the
magnitude of the observed bias. Our data indicate
that the relation between TCD and PCMRA inherently
does not follow a unit slope, resulting in significant
measurement differences during hypercapnia. Con-
versely, MCA velocities measured during baseline
happen to occur in the region where the error is low-
est (50–70 cm/s), as shown in Fig. 3a. Without the
stimulus in our study, the discrepancy between these
two modalities would not be very evident. The propor-
tional error carries over to the CVR calculations as
TCD exhibits a greater change in velocities between
baseline and hypercapnia compared to PCMRA, thus
explaining the positive slope in Fig. 4b. It is worth
noting that the limits of agreement in the Bland–Alt-
man plots remain fairly consistent, suggesting that a
simple conversion factor is possible between TCD and

PCMRA velocities. However, the effect of various pa-
rameters such as vessel size and MRI spatial resolu-
tion need to be better understood before such techni-
ques are proposed.

Angle correction of TCD data widened the velocity
difference between the two methods and also reduced
their statistical dependence. The choice to use cap-
sule markers to calculate the angles was based on the
inherent difficulty in obtaining an accurate estimate
of the insonation angle from the ultrasound color
image (22). The angles calculated in our study are in
concordance with literature on TCD assessment of the
MCA (22), ruling out improper placement of the cap-
sules as a significant source of error. Previously, Seitz
et al (14) implemented a similar method for estimating
the insonation angle using the intensity projection of
an MRA. Their angle correction of MCA velocities also
resulted in higher variability and poor correlation with
MRI. The 3D method in our study was proposed to
overcome the limitations of deriving angles from a
projection. Based on the similar outcomes, it appears
that other sources of error such as the aforemen-
tioned spectral broadening may have a cumulative
impact that is not accounted for by angle correction.
Also, validity of the angle factor may be significantly
compromised if the assumption of laminar flow in the
MCA does not hold true. In the presence of turbulent
or skewed flow, TCD may be measuring the velocity of
scatterers that are not flowing in the same orientation
as the vessel. Our introduction of a robust angle cor-
rection scheme was unable to improve TCD correla-
tion and, therefore, a thorough examination of the
effectiveness of angle correction should be performed
in future studies.

Despite a large number of studies asserting the
value of TCD-CVR (8,9), studies comparing velocity-
based CVR in smaller vessels are rare. The most
recent publication assessed the reactivity from hyper-
ventilation and found very weak correlation between
TCD and PCMRA (15). Our study has demonstrated a
similar trend, where good correlation between velocity
measurements does not translate into correlation
among the corresponding %CVR values. In terms of
variability, the %CVs of the PCMRA-CVR values are
again significantly lower than TCD-CVR, even though
the average values are very similar. This may suggest
an issue beyond operator dependence, as the trans-
ducer position is fixed between baseline and hyper-
capnia measurements. One distinction between the
TCD and PCMRA methods is their temporal base,
with PCMRA forming an average velocity profile over a
period of several minutes, while the TCD waveform
was sampled here over a single cardiac cycle. Fluctua-
tions in blood flow on time scales between these limits
would contribute to variability in the TCD measure-
ments, but be largely averaged out of the PCMRA
results. Such factors were not taken into account in
our study and require further investigation.

In conclusion, we have demonstrated a disconnect
between TCD and MRI measures of BFV in the MCA
that needs to be addressed. TCD is a widely accepted
tool in clinical practice, in large part due to its acces-
sibility and relatively low cost. However, as more

Figure 4. a: Spearman’s rho analysis of %CVR values calcu-
lated from PCMRA versus TCD (r ¼ �0.26). b: Bland–Altman
plot of mean versus difference between %CVR calculated
from PCMRA and TCD velocities (95% confidence interval
62.86%).
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sophisticated assessment methods requiring quantita-
tive measures (such as CVR) are developed, it is im-
portant to rigorously validate the accuracy and reli-
ability of TCD against other established modalities.
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